Abstract
INTRODUCTION
Pancreatic ductal adenocarcinoma (PDAC) is a highly aggressive malignant disease with an increasing incidence [1] . Even though there is a long latency period between the emergence of a malignant cell clone and the death from metastatic disease, the majority of patients still present with either locally advanced or metastatic disease [2] . Only 15%-20% of patients have localized disease which may be considered surgically resectable at the time of diagnosis. An additional 20%-30% of patients have border-line resectable or locally advanced disease among whom one to two thirds could be potential candidates for curative surgery following a neoadjuvant therapy [3, 4] . Finally, around 50% of patients have a metastatic disease at the time of diagnosis. The prognosis of PDAC patients after curative surgery is still relatively poor with the 5-year survival rate ranging between 15%-35% [5] [6] [7] . Up to 30% of PDAC patients die within the first year after radical surgery due to the disease progression and the mortality rate increases to around 60% by the end of the second year [8, 9] . Although the most frequent site of metastases in PDAC is the liver [10] , among long-term PDAC survivors the most common site of metastases is the lung [5] . Since the pulmonary metastases usually occur in the context of general disease progression, chemotherapy is considered to represent the standard treatment option. However, with regard of PDAC longterm survivors, there is a subgroup of patients with metachronous pulmonary metastases being the only site of the disease recurrence, presenting an option for surgical treatment. The literature concerning the use of surgical therapy in the treatment of metachronous isolated pulmonary PDAC metastases is still very limited. Isolated late pulmonary metastases in PDAC have been reported as single cases [11] [12] [13] [14] , case series [15] , and retrospective cohort studies [7, [16] [17] [18] [19] [20] [21] . Katz et al [5] in a study focusing on long-term survivors reported the highest rate (22%) of pulmonary metastases. Most recently, some retrospective analyses tried to define criteria based on the report derived of Thomford et al [22] , including a disease-free survival (DFS) of more than 20 mo after the primary surgery, pulmonary metastases ≤ 16 mm, primary stage Ⅰ, good performance status and a technically operable tumor, for patients in whom the surgical resection of isolated metastases would be meaningful [18, 22, 23] . However, due to the low prevalence of metachronous pulmonary metastases reliable data regarding the clinical outcome and indications for the optimal surgical or medical treatment are currently limited.
The aim of the present study was to retrospectively analyze a homogeneous cohort of PDAC patients who underwent a surgery with curative intent between the years 2006 and 2013 in our center. The primary objective was the identification of patients with metachronous pulmonary metastases as the first site of a disease recurrence after surgery and the assessment of prior DFS, and an overall survival (OS) in this subgroup of PDAC patients compared to the patients with non-pulmonary metastases. Different clinical scenarios according to a type of pulmonary metastases could also be discerned.
MATERIALS AND METHODS

Patients
A cohort of 159 consecutive PDAC patients who underwent radical surgery between the years 2006 and 2013 in our center was included in this retrospective analysis. Histopathological diagnosis of PDAC was performed according to the previous standard classification, and all specimens were evaluated before the introduction of the Leeds protocol. The clinical data including age, sex, grade, primary tumor location, pTNM stage, lymph node infiltration, microangioinvasion, perineural invasion, lymphovascular invasion, the therapy administered, and follow-up were all obtained from medical records or from the Czech National Oncological Registry.
Disease free survival (DFS) was defined as the time between the date of surgery and the date of diagnosis of new disease recurrence. Criteria for new recurrence were applied according to previous studies [5, 19] . The patients were followed in 3-mo intervals with clinical examination including CA 19-9 level assessment, and 6-mo intervals with crosssectioning computed tomography (CT), or positron emission tomography (PET/CT) in case elevation CA 19-9 was noted [24, 25] . Oligometastatic disease was defined as limited systemic metastatic tumors in which local ablative therapy could be curative [26] [27] [28] [29] [30] . As the study was focused to metachronous metastatic PDAC, patients without recurrence, who died in postoperative period (90 d), had R2 resections and those with incomplete data were excluded from DFS analysis. The Thomford criteria for pulmonary metastasectomy including controlled primary lesion, no extrapulmonary metastases present, metastases limited to one lung, patient being able to tolerate surgery were applied [22] . Consensus from a multidisciplinary team had to be obtained before surgery. OS was defined as the time between the date of primary surgery and death. Surviving patients were censored at the last follow-up on 31
st December 2016.
Further analysis covered only patients with metachronous metastases. Clinical and histopathological data (age, sex, grade, primary tumor location, pTNM stage, lymph node infiltration, microangioinvasion, perineural invasion, lymphovascular invasion, the therapy administered and follow-up) of patients with metachronous non-pulmonary metastases and patients with metachronous pulmonary metastases (MPM) were statistically assessed. Patients with MPM were initially divided into two groups; metachronous isolated pulmonary metastases, and metachronous pulmonary metastases with metastases to other organs.
Statistical analysis
Wilcoxon test and χ 2 test were used for analysis of age and other parameters. The survival functions were computed by the Kaplan-Meier method and statistical significance was evaluated by the log-rank test using SPSS. A P-value of less than 0.05 was considered statistically significant. This study has been approved by the institutional Review Board at the University Hospital Olomouc.
RESULTS
Study population
The study population consisted of 159 patients with resectable PDAC, i.e., no evidence of clinically detectable metastases, cM0 (Supplementary Table  1 ). R0 and R1 resection rate was not formally assessed as the samples have been evaluated before the introduction of the Leeds protocol into clinical practice at our institution, and the results concerning were not identified. Further analysis was focused on patients who developed metachronous metastases.
Data of patients with metachronous metastases included in the further analysis are summarized in Supplementary Table 2 . Most patients with isolated pulmonary metastases were diagnosed using PET/CT scan triggered by CA 19-9 elevation during the follow up. In total 20 patients (17%) had metachronous pulmonary metastases, almost all diagnosed with PET/CT scans. Adjuvant chemotherapy after primary pancreatic resection was used in 85% of MPM patients compared to 74% of non-pulmonary metastases group. Perineural invasion was higher in MPM patients, but the difference was not statistically significant (P = 0.057). Statistically significant differences between patients with metachronous pulmonary and non-pulmonary metastases were evident in the sex (P = 0.012) and survival rate (P = 0.004). Figure 1 displays prior DFS and OS in both subgroups, with statistically significant differences (P = 0.005 and 0.004, respectively).
Metachronous pulmonary metastases patients
In five patients (25%), all females, metastases were isolated to the lung. Pulmonary metastases along with multiple metastases to other organs were detected in 15 cases (75%). Figure 2 displays DFS and OS in both groups. Analysis is difficult due to very small numbers, but OS prolongation is of borderline statistical significance (P = 0.054). While the estimated median OS is similar in patients with non-pulmonary metastases and the entire cohort, the median OS is double in MPM (Table 1) .
In the subgroup of metachronous isolated metastases (n = 5) estimated medians of DFS and OS are 35.4 and 81.4 mo, respectively (Table 1) . There were two patients with multiple bilateral lesions and three patients with isolated oligometastatic recurrence.The patients with multiple bilateral lesions were treated with systemic chemotherapy (5-fluorouracil combined R0 resection could have been overestimated.Two patients (1.3%) had neoadjuvant therapy consisting of concomitant radiotherapy with continuous 5-fluorouracil administration. Adjuvant chemotherapy consisting of nucleoside analogues (gemcitabine and 5-fluorouracil) was administered in 111 (69.8%) patients. Forty-one patients (25.8%) were excluded from further analysis due to no recurrence (n = 24), incomplete data (n = 14), postoperative death (n = 2) or R2 resection (n = 1). In total 1-, 2-, 3-and 5-years survival rates in entire cohort were 66.7%, 36.6%, 28.1% and 18.7%, respectively. The perineural invasion and lymph node infiltration were frequently identified (66.7% and 53.5%), while lymphovascular and microangioinvasion were identified less often (32.7% and 18.2%). The median DFS was 10 mo, and the median OS in entire cohort reached 17.6 mo. The most common sites of metastases within the first year included liver (57%), locoregional recurrence (37%), lymph nodes (22%), peritoneum (18%), and lung (10%), with multiple sites involved in 51%. In the second year, most frequent were locoregional (45%), lymph nodes (40%), liver (20%), and lung (20%), with involvement of multiple sites in 40%. In most patients who subsequently developed pulmonary metastases the primary procedures were head resections or total pancreatectomies with the predominant tumor location in pancreatic head (88.7%). Splenic vein obstructions with oxaliplatin or gemcitabine). In one patient thoracoscopic biopsy identified PDAC metastases 22 mo after initial pancreatic resection. The lesions were relatively stable and progressed slowly during the sequential lines of systemic chemotherapy, but brain metastases developed 80 mo after primary resection and the patient died 82.5 mo after resection. No intraabdominal recurrence was detected. The second patient was treated with gemcitabine and died of progressive disease 50.5 mo after the initial pancreatic resection.
Patients with metachronous isolated oligometastases (n = 3) could all be considered candidates for surgery. One patient was treated outside of our institution with gemcitabine and subsequently developed liver metastases and died 12.5 mo after diagnosis of MPM. Two patients in this group underwent uncomplicated pulmonary resections for isolated oligometastatic recurrence that manifested 34 and 52 mo after primary pancreatic resections and PDAC metastases were histologically verified. As of December 2016, these patients are still alive without recurrence with a second disease free interval after pulmonary resection of 11+ and 13+ mo, respectively.
In further analysis of patients with pulmonary metastases along with metastases to other organs (n = 15) there were 3 patients with pulmonary metastases and extrapulmonary metastases restricted to retroperitoneal paraaortal lymph nodes. These patients had DFS similar to patients with isolated pulmonary metastases (median 35 mo) and significantly longer OS (median 45 mo) compared to the patients with pulmonary metastases accompanied by metastases to other organs (median DFS and OS of 13.5 mo and 19.6 mo, respectively). However, the data are very limited because of small numbers of patients. The shortest DFS (9.5 mo) and OS (16.2 mo) were observed in patients with metachronous nonpulmonary metastases where the first location of metastatic disease were liver, peritoneum, locoregional, or lymph nodes.
DISCUSSION
PDAC may metastasize to any organ [10, 26, [31] [32] [33] [34] by hematogenous, lymphogenic, and perineural route or by direct intracavitary spread [10, 26] . Pulmonary metastases as the first site of disease recurrence after resections for PDAC can present as isolated oligometastases, isolated multiple metastases or in association to metastatic spread to other organs. The incidence of PDAC in Central Europe is high, and, in fact, the incidence in the Czech Republic is currently the highest in the world. To the best of our knowledge, the present study is the first large homogenous cohort of PDAC describing these differences on Central European population. Patients with PDAC after primary radical multidisciplinary treatment (surgical resection followed by adjuvant therapy) have a very high risk of distant recurrence. One-hundred-thirty-two patients (83.1%) in the present cohort developed metastases.
Even though metachronous pulmonary metastases after pancreatic resection are the most frequent extraabdominal site of PDAC recurrence, this presentation of recurrent disease is relatively rare, with the reported incidence of MPM as first site being between 3%-22% [5, 7, [16] [17] [18] [19] 21] . The highest rate of 22% was reported by Katz et al [5] in a highly selected cohort of patients of whom 77% had neoadjuvant therapy administered before primary resections. In the present study isolated pulmonary recurrence was observed in 4.2% of all cases of recurrent PDAC and 3.1% of entire cohort, in accordance with 3% rate of MPM reported previously by Arnaoutakis et al [17] . The present study indicates a low rate in unselected patients after radical primary treatment not exceeding 5%. Interestingly, isolated metachronous pulmonary metastases developed only in women, and female predominance was statistically significant in comparison of MPM and non-pulmonary metastatic patients.
Kamisawa et al [10] in an autopsy series in an unselected cohort of patients treated with chemotherapy, radiation, palliative or radical procedures focusing on hematogenous PDAC metastases reported a prevalence of clinically detectable pulmonary metastases in an absence of liver metastases in 12.3%. Hematogenous spread to the lungs was considered mostly for primary location in the tail and splenic vein obstruction. In the present cohort the location of primary tumor in the tail was only in 5% and no case with splenic vein obstruction was noted. In addition, remarkably high rate of perineural invasion in tumor analysis was reported in patients with MPM, but the difference was not statistically significant in comparison with non-pulmonary metastatic patients and, therefore, thus needs to be evaluated in larger cohort or metaanalysis. Due to the low prevalence of MPM, the clinical course and optimal surgical or medical therapy are currently poorly defined. Early diagnosis of MPM in long-term survivors can bring the best therapeutic result and the highest chance for prolonged OS or even salvage therapy with curative intent. The rate of postoperative systemic therapy after primary resection in patients with pulmonary metastases varies between 85% in the present study to 100% [21] . MPM develop later than intraabdominal metastases and are the most frequent extraabdominal site across the studies [17] [18] [19] [20] . In case of isolated pulmonary metastases the age at primary diagnosis is lower than in other groups (44-66 years, median 57).
MPM can present as three different clinical scenarios, in contrast to patients with non-pulmonary metastases as evidenced in the present cohort. Metachronous isolated pulmonary oligometastases with up to 10 small lesions in one lung are eligible for surgical therapy [7, 22, 23, 26, 29] . If the patient is fit for pulmonary resection, this represents the best therapeutic option with the potential of cure and longest OS (Table 1) . In the present cohort only three cases were operable according to the previously established criteria [7, 22, 23] . One patient was managed with gemcitabine chemotherapy without surgery. Subsequent liver metastases developed and patient died 12.5 mo after diagnosis of MPM. Only two patients were radically operated and both are currently alive more than one year without recurrence. In cases of metachronous isolated multiple pulmonary metastases local therapy including surgery or radiotherapy has no rationale and systemic therapy is only potential option. Long-term survival was observed in both patients (50.5 and 82.5 mo), but these patients ultimately died of progressive disease or development of subsequent metastases typical for primary pulmonary carcinomas, in one case the brain metastases. The third scenario included metachronous pulmonary with metastases to other organs. In this group a very small subgroup of patients with MPM and retroperitoneal paraaortal lymph node metastases with DFS comparable with group of isolated MPM was identified. Prior DFS and OS in those patients were longer than in patients with local or regional recurrence.
In accordance with prior reports MPM patients in the present study had significantly longer DFS and OS compared to patients with non-pulmonary metastases. In patients with isolated pulmonary metastases median DFS ranges between 10.5 and 52.4 mo and OS between 23 and 92.3 mo [16] [17] [18] 20, 21] . The longest DFS of 156 mo after distal pancreatectomy was reported in one case by Kitasato et al [35] . In the present study we observed median DFS of 34 mo in isolated pulmonary metastatic patients with an estimated median OS of 81.4 mo. Arnaoutakis et al [17] , Thomas et al [18] and Downs-Canner et al [20] demonstrated in a total of 21 patients the feasibility and safety of surgical resection for MPM with significantly improved survival in comparison with non-surgical therapy. Reports from Japan include at least 23 cases with resected MPM of PDAC with long-term survival [19, 23, 35] . The most recent European study by Decoster et al [36] reported 22 MPM patients, 3 of whom were treated surgically, and indicated a female predominance. Our study also showed massive predominance of women in isolated pulmonary metastases. Female predominance in both studies is interesting, but there are currently no evidence based facts to explain this association. An effect of sex hormone could be one of the potential mechanisms, but without support by in vitro or in vivo data remains only speculative. Future studies should investigate whether MPM cases are characterized by specific molecular pathogenesis and biology that could explain this particular metastatic pattern.
The most obvious limitation of the present study is the low number of patients with MPM, but due to the rarity of this presentation, our study is comparable to the earlier published retrospective analyses (Table 2) . Even though some of the results cannot be statistically significant because of the small number of patients, together with the previously published data on other small cohorts the findings seem to be highly relevant for clinical practice. Another limitation is the evaluation of resection margins. Because the present study is of retrospective nature, resection margins could not be reevaluated according to the currently used Leeds protocol due to a technically completely different method of resection specimen evaluation. On the other hand, the present study is unique because of the origin of the study population. To date, most studies were published on American PDAC population [16] [17] [18] [19] [20] , with two studies originating from Japanese PDAC centers (with most of the patients overlapping between both studies) [23, 35] . The present study on Central European population together with three similar retrospective analyses from Western Europe [16, 21, 36] published during last year are important to confirm the results previously reported elsewhere. MPM, especially cases with isolated pulmonary metastases, are rare, and, obviously, prospective trials addressing the optimal management of these patients would be difficult to organize. Thus, for the foreseeable future retrospective analyses like the present report would remain the only source of information to guide the management of these patients.
Most importantly, in patients with metastatic PDAC only systemic therapy is considered in general practice. Despite some improvements resulting from the introduction of new regimens such as the combination of oxaliplatin, irinotecan, folinic acid and 5-fluorouracil or the combination of gemcitabine with nab-paclitaxel, the efficacy of systemic therapy is still very limited. The results of trials with targeted agents so far have been disappointing [37] [38] [39] . Contrary to the prevalent opinion in the medical and surgical oncology community, present data indicate that there is a subgroup of patients with metastatic PDAC who would benefit from surgical therapy. Future studies should identify clinical parameters and molecular biomarkers that would select this population and help with therapeutic decisions.
In conclusion, metachronous pulmonary metastases as first and only site of recurrence after resection for PDAC develop later and have better prognosis than other presentations of metastatic disease. OS is longer than in patients with other sites of metastases. Three different clinical scenarios according to the type of pulmonary oligometases with different prognosis and distinct therapeutic strategy were noted. The resection of pulmonary metastases was safe, with zero mortality and low morbidity. Patients who underwent pulmonary metastasectomy had longer survival compared to patients treated with chemotherapy or symptomatic therapy. Thus, surgery should be considered for all patients with solitary pulmonary metastases, but this has to be carefully weighted for each individual patient. Early diagnosis of recurrence may be viewed as precondition for successful management in these cases. Careful follow up with short (quarterly) interval and flexible PET/CT scanning can lead to early identification of recurrence.
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